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Abstract 
Ultra Low Field Nuclear Magnetic Resonance (ULF-NMR) measurements were performed in an urban laboratory 
environment using a 2nd order low-TC SQUID gradiometer. To improve the magnetic environment around the sample, 
two kinds of compensation methods were developed. Firstly, a spatially correlated active compensation system which 
includes two separated sets of squared Helmholtz coils, a 3-axis fluxgate and a home-made Proportional Integral 
Differential (PID) feedback electronics were developed to suppress the low frequency fluctuation. The low frequency 
disturbance of environmental magnetic field can be suppressed over two orders of amplitude. Secondly, linear 
gradient compensation in three directions was introduced to improve the homogeneity of the environmental magnetic 
field. Combining the two methods mentioned above, the relaxation time T2* of proton was measured to be about 
0.45s, and the signal-to-noise ratio of spectrum was improved by a factor of 9 for a 50 times averaged signal.  
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
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1. Introduction 
Although Nuclear Magnetic Resonance (NMR) at low fields of the order of the Earth's magnetic field 
(~ 50 PT) is almost as old as NMR itself [1], the recent years have witnessed a revival of this technique, 
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in spite of the common trend towards higher and higher fields. To partially remove the innate limitation 
of Ultra Low Field (ULF) NMR, the Superconducting Quantum Interference Device (SQUID), the most 
sensitive and frequency independent magnetic sensor, has been applied as the signal detector successfully 
[2-7].  
Another challenge in ULF-NMR is the magnetic field environment. Inhomogeneities as well as 
fluctuations of the measurement field spoil the NMR signals. This explains that most of the ULF-NMR 
measurements were performed in a Magnetically Shielded Room (MSR) [2,3], or in the Earth’s magnetic 
field (EMF) [8,9]. Many effective methods have been used to attenuate the magnetic field noise. In 
unshielded environment, a combination of a gradiometer as a signal detector and an active compensation 
with a magnetometer as ambient magnetic noise sensor was used by M Skakala et al., and an attenuation 
of more than 40 dB at low frequencies was obtained [10]. At low frequencies, a shielding improvement of 
typically 40 dB was obtained by the combination of a μ-metal shielded room and an active compensation 
with a SQUID magnetometer by ter Brake et al. [11]. M Hayashi et al. introduced gradient coils to 
compensate the field gradient around the sample and obtained an effective transverse relaxation time T2* 
of 2.2 s of protons in a MSR [12]. 
In this work, SQUID-based ULF-NMR measurements are demonstrated in an unshielded 
environment. To improve the spatio-temporal homogeneity of the measurement field BM, the techniques 
of spatially correlated active compensation and gradient field compensation are introduced and 
characterized. The combination of the two techniques is also discussed.  
2. Experimental Setup 
The experimental setup, including the coil system and the SQUID system, was located in the centre 
of an urban laboratory without any magnetic shielding (See Fig. 1(a)). The coil system consists of the 
measurement field (BM) coil, the Spatially Correlated Active Compensation (SCAC) coil set, 3-D linear 
gradient coils and a pre-polarization field (BP) coil. The BM coil is a Helmholtz coil with a radius of 
0.875m, with an additional coil pair for homogeneity improvement. The SCAC coil set consists of two 
separated coils. Three pairs of orthogonal square Helmholtz coils (side length: ~ 2 m) were used as the 
main compensation coils, marked as coil 1. They were located in the centre of the laboratory. A smaller 
set of three orthogonal square Helmholtz coils (side length: 0.62) was used as the reference compensation 
coil and marked as coil 2. It was located about 5 m away from coil 1 and oriented parallel to it. A three-
axis fluxgate (Bartington, Mag-03MSL70) was placed in the centre of coil 2 to record the magnetic field 
and feed it back via a homemade PID, and then drive coil 1 to suppress the magnetic field fluctuations. 
One pair of circular Maxwell coils (radius: R=0.416m) was used as longitudinal gradient coil along the z 
axis. Two pairs of co-planar coils were used as gradient coils to produce magnetic gradient fields along 
the x and y axis. They were located in the centre of coil 1. The whole coil system was oriented such that 
BM was perpendicular to the smallest horizontal component of the EMF. A low-Tc hand-wound second-
order axial gradiometer was used as the NMR signal detector, (see [13] for details). The SQUID system 
was positioned at the bottom of a fiberglass cryostat filled with liquid helium. The proton sample 
surrounded by a 6-layer solenoid for generating the pulsed BP (about 10 mT) was located beneath the 
bottom of the cryostat finger (see the inset in fig 1(a)). The distance between the sample and the 2nd order 
gradiometer was estimated to be 32 mm. A magnetic field about 100 μT which was generated by the 
measurement field coils together with the horizontal component of the EMF, was used as BM. BM was 
determined to be | 129.2 μT, corresponding to a proton Larmor frequency fL | 5500Hz. 
The sequence was controlled by a home-made controller based on a Single Chip Microcomputer 
(SCM). Each measurement started by polarizing the sample in BP for t1=4 s (see figure 1 (b)). After BP 
was switched off, the sample was left in BM. The SQUID readout electronics was kept in the reset state 
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during the polarizing time t1 and the following delay of 3 ms (Δt) after switching off BP. Subsequently, 
the SQUID was locked to record the magnetic signal generated by the precession of nuclear 
magnetization for a pre-programmed time t2. In order to clearly record the Free Induction Decay (FID) 
signal in real time, the proton Larmor frequency was mixed down from 5500 Hz to 260 Hz using a home-
made mixer.  
 
 
Fig. 1. Measurement setup and pulse sequence. (a) Orientation of SQUID system, compensation coils, gradient field coils, 
measurement field coils and fluxgate; (b) the pulse sequence of the measurement.  
3. Results and Discussion 
3.1. Spatially Correlated Active Compensation 
The active compensation is based on the idea that ambient magnetic noise can be attenuated by 
feeding current into a compensation coil set, which generates a magnetic field opposite to the ambient 
magnetic noise. The compensation system consists of compensation coils, feedback electronics, and some 
kind of magnetic field sensor. In previous work on active compensation [13], the magnetic field detector 
was placed as close as possible to the centre of the compensation system. However, in a SQUID-based 
NMR experiment, a pulsed BP is usually applied, and the switching of BP will obviously influence the 
magnetic sensor used for feedback. In this case, the normal active compensation is not applicable any 
more. Therefore, we developed a remote active compensation system.  
The low frequency magnetic field fluctuation is usually caused by distant disturbances, therefore 
showing good spatial correlation. In other words, the field fluctuation is approximately the same at two 
different sites located a few metres apart. Fig 2(a) shows the spatial correlation of the low frequency noise 
in the vertical direction detected by two fluxgates which were oriented in parallel and spaced 5 meters 
apart. One can see that the magnetic field fluctuations at both locations are almost identical. Similar 
spatial correlation was also found for the horizontal components. 
Considering the good spatial correlation of the low frequency magnetic field noise, a so-called 
Spatially Correlated Active Compensation (SCAC) system was constructed to suppress the magnetic field 
fluctuation, as figure 1(a) shows. We constructed two sets of square Helmholtz coils which are marked as 
coil 1 and coil 2. In each coil former of coil 1, two sets of independent coils were wound. One set was 
used for the static compensation, the other one for the active compensation. Only static compensation 
coils were wound on the coil former of coil 2. The fluxgate was placed in the centre of coil 2, about 5 m 
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away from the SQUID. Moreover, the orientations of the fluxgate, of coil 1 and coil 2 were chosen 
parallel to each other. 
 
 
Fig. 2. (a) Spatial correlation of the low frequency magnetic field noise in the vertical direction. Two fluxgates were kept parallel 
and 5 m apart. (b) Magnetic field fluctuation in the vertical direction before (curve 1) and after (curve 2) SCAC was applied. 
The SCAC was realized by a home-made proportional integral differential (PID) controller which 
was used as feedback electronics whose offset and bandwidth can be adjusted manually. The magnetic 
fluctuation detected by the fluxgate in the centre of coil 2 was fed to the PID which regulated the current 
of the active compensation coils of Coil 1, thus driving the coils to generate a magnetic field which is 
opposite to the ambient magnetic field noise. Figure 2 (b) shows that the fluctuation was suppressed from 
±750 nT to ± 7 nT in the vertical direction. Similar results were obtained in BM direction (from ± 100 nT 
to ± 7 nT). 
 
 
Fig. 3. 50 spectral traces before (a) and after (b) SCAC applied. The fL was mixed down from 5500 Hz to around 266 Hz. 
The spatially correlated active compensation was applied to our SQUID-based ULF-NMR 
experiment. A 50 times averaged spectrum of a cucumber was measured with and without active 
shielding, see Figure 3. One can see that the Larmor frequency varied without active shielding. A 
variation of 4 Hz was measured during the 50  individual measurements. After the active compensation 
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was applied, the Larmor frequency varied only between 266 Hz and 266.5 Hz, so the variation was only 
0.5 Hz which was also the spectral resolution. Moreover, the variation of 0.5 Hz corresponds to a 12 nT 
drift of the measurement field BM, which is in good agreement with figure 2 (b). In addition, a higher 
SNR was attained for the 50-times averaged spectrum after the active compensation was applied. 
3.2. Gradient Field Compensation 
Not only the magnetic field fluctuates, but also its gradients. Time-varying spatial inhomogeneities 
will adversely affect the performance of the NMR measurement. Considering the influence of BM 
inhomogeneity, the effective dephasing time T2* is defined as: 
22
*
2
111
TTT c SSS                                                                      (1) 
Here, T2 denotes the intrinsic spin-spin relaxation time, whereas 1/(ST2c) represents the additional 
dephasing due to BM inhomogeneity. 
In order to improve the homogeneity of BM, we applied a gradient compensation in the unshielded 
magnetic environment. One pair of Maxwell coils was used as the longitudinal gradient coil in the 
measurement field direction, and two pairs of co-planar coils were used as the transverse gradient coils, 
just as figure 2 (a) shows. The optimized gradient field compensation in horizontal direction, wBZ/wx and 
wBZ/wz, is around 0.5 PT/m, a value that agrees well with our previous measurement [14]. The gradient in 
vertical direction, wBZ/wy, however, is 5.54 PT/m, one order of magnitude larger than expected (see Fig. 
4). It is deduced that the superconducting shielding of SQUID introduces additional gradients mainly in 
vertical direction. 
 
  
Fig. 4. Spectral amplitude for different values of the gradient 
field compensation in z-direction. 
Fig. 5. Comparison of 50 times averaged FID without any 
compensation (ĉ), with the gradient compensation (Ċ), and 
with both gradient and active compensation (ċ).  
 
Both the SCAC and GC can improve the magnetic field performance and thus the ULF-NMR 
measurements in unshielded environment. The measurement can benefit even more from the combination 
of these two methods. Figure 5 compares a 50 times averaged FID signal for different compensation 
situations. Trace (I) shows the direct averaged (DA) FID signal, trace (II) the corresponding FID signal 
when SCAC was applied. One can notice that T2* of trace (II) is larger than that of trace (I). Fitting the 
FID signal with M(t)=M0exp(-t/T2*), T2* was approximately 0.13s without any gradient compensation and 
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about 0.21s with the gradient compensation. The corresponding spectral SNR was approximately 19 and 
40 for these two conditions, respectively (not shown here). Trace (III) in figure 5 shows the 50 times 
averaged FID signal when applying the combination of SCAC and FC. A T2* of 0.45 s was fitted to the 
data, which is 3.5 times longer than that of trace (I). The SNR of the corresponding spectrum was about 
107, 5.6 times larger than that without any compensation.  
4. Conclusions and Outlook 
In an unshielded urban laboratory environment, ULF-NMR signals of protons were detected utilizing 
a second-order SQUID gradiometer. It was demonstrated that both the SCAC and GC techniques can 
improve the performance of NMR measurements, and the combination of them can prolong T2* even 
more. In the case of GC, only 3 linear gradient components have been compensated. In future work, the 
remaining 6 components will be compensated, too. Subsequently, ULF-magnetic resonance imaging 
(MRI) measurements will be performed with this system. 
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